Friction is ubiquitous in all aspects of everyday life and has consequently been under study for centuries. Classical theories of friction have been developed and used to successfully solve numerous tribological problems. However, modern applications that involve advanced materials operating under extreme environments can lead to situations where classical theories of friction are insufficient to describe the physical responses of sliding interfaces. Here, we review integrated experimental and computational studies of atomic-scale friction and wear at solid-solid interfaces across length and time scales. The influence of structural orientation in the case of carbon nanotube bundles, and molecular orientation in the case of polymer films of polytetrafluoroethylene and polyethylene, on friction and wear are discussed. In addition, while friction in solids is generally considered to be athermal, under certain conditions thermally activated friction is observed for polymers, carbon nanotubes and graphite. The conditions under which these transitions occur, and their proposed origins, are discussed. Lastly, a discussion of future directions is presented.
Introduction
Friction is a ubiquitous phenomenon, occurring in virtually every aspect of life on a daily basis. It has consequently been under study for the last five centuries. Classical theories of friction have been developed that have been successfully applied to numerous tribological problems associated with contemporary life [1] [2] [3] [4] . However, modern applications that involve solid-solid interfaces and advanced materials operating under extreme environments can lead to situations where classical theories are insufficient to describe friction at sliding interfaces. A concerted effort has therefore been made to link cutting edge experimental and computational work across length and time scales to develop new theories to characterize the frictional properties of solid-solid interfaces.
The study of atomic-and molecular-scale friction has been facilitated by experimental techniques developed and 3 Author to whom any correspondence should be addressed. optimized over recent years, such as the atomic force microscope (AFM). The application of AFM to the study of friction provides the opportunity to probe tribological events under a number of desirable conditions. First, due to the inherent sharpness of the probe tip employed in AFM, this approach allows the investigation of single point contacts, essentially modeling the interaction of an individual asperity. Second, with the selection of appropriate cantilever force constants and operation at appropriate force (pressure) regimes, AFM studies provide access to measurements of interfacial friction in the absence of concurrent wear. Finally, the length scale of the microscopic approach provides data directly related to discreet atomic or molecular events, i.e. stick-slip motion of a probe tip laterally translated on a crystalline surface. However, it must also be acknowledged that AFM approaches face a number of challenges, potentially impacting the physical measurement as well as the interpretation of the data. These Figure 1 . Photograph of the pin-on-disk microtribometer operating in a controlled atmosphere within a humidity controlled glove box that contains pure dry nitrogen gas. The impinging inert gas jet and intersecting nitrogen gas flows are indicated in the figure. include the inability to directly determine the composition of the probe tip and the uncertainties associated with force measurements conducted with a microscopic cantilever spring system. Nonetheless, AFM measurements have significantly contributed to the body of fundamental knowledge of materials friction interactions [5] .
The study of friction has also been enhanced by advancements to traditional experimental methods, such as the linear reciprocating tribometer. These advancements include the ability to vary and stabilize temperature over a wide range (from 190 to 450 K), and to modify and control of atmospheric conditions during tribological experiments. For example, figure 1 depicts the rotating pin-on-disk tribometer and nitrogen gas lines used to study friction at cryogenic temperatures. Such controls have led to much greater control of experimental uncertainties and thus to greater precision in the experimental measurements [6] . Taken together, these instrumental developments and the enabled measurements have provided new insights into friction.
Atomic-and molecular-scale details of friction have also been revealed through advances in computational methods and by the rapid rise in computer power over the last few years. Classical molecular dynamics (MD) simulations are of particular importance, as they allow the explicit determination of trajectories for every atom in the system as a function of time. MD involves the numerical integration of the Newtonian equations of motion:
or equivalently,
Here, F is the (vector) force that acts on each atom, which is the gradient of the potential energy (E) felt by each atom; m is the atomic mass, a is the acceleration of each atom, r is the position of each atom, and t is time.
In the simulations described in this review, the forces are calculated using the second generation reactive empirical bond order (REBO) potential [7, 8] . The form of the potential is:
where V R (r ) and V A (r ) are pair-additive interactions that model the interatomic repulsion and electron-nuclear attraction, respectively, r i j is the distance between nearestneighbor atoms i and j , and b i j is a bond order term that takes into account the many-body interactions between atoms i and j , including those due to other nearest neighbors and due to bond bending effects. The potential is short ranged and only considers nearest neighbor, covalent interactions. Therefore, long-range interactions are modeled by coupling [9] the REBO potential to a Lennard-Jones (LJ) potential [10] . The REBO potential does a good job of describing the bonding in carbon-based materials, including diamond [11] [12] [13] , amorphous carbon [14, 15] , carbon nanotubes [16, 17] , self-assembled monolayers [18] [19] [20] , organic molecules [21, 22] , and polymers [22, 23] . However, the REBO potential does not explicitly include electronic or quantum effects, which limits its inherent accuracy. Nonetheless, in cases where explicit comparisons have been made to more accurate approaches, this potential has been shown to give suitably accurate results for it to be used in the studies reported below with confidence [24] .
The application of these experimental and computational methods to understanding the effect of molecular orientation and temperature on the frictional properties of solid-solid interfaces is addressed in the next two sections. This is followed by some general conclusions and a discussion of future directions.
Orientation effects on friction

Carbon nanotube systems
Carbon nanotubes (CNTs) have high tensile and flexural strengths, high elastic moduli, high aspect ratios, and low densities [25] . These properties make them attractive for use in applications where friction is important, such as nanoelectromechanical systems (NEMS) [26] and composites [27] . The fact that films of CNTs may be readily deposited by chemical vapor deposition enhances their potential use as tribological films. Here we review recent experimental and computational findings regarding the tribological properties of individual carbon nanotubes and nanotube films.
Previously, the tribological properties of individual nanotubes were examined using AFM [28, 29] and MD simulation [30] . The motion of the nanotubes (rolling versus sliding) was determined by the registry of the CNT with the underlying graphite surface. When the hexagonal pattern of the CNT aligned with the hexagonal pattern of the graphite, the CNT rolled. On the other hand, when these hexagonal lattices were out of registry, the CNT slid in response to applied forces.
The tribological properties of films of CNTs were examined computationally prior to experimental investigations because of the availability of realistic potentials [7] and the ability of simulations to avoid the difficulties inherent in synthesizing and manipulating these nanometer-scale structures. In particular, MD simulations [31] predicted that the responses of bundles of single-walled CNTs subjected to compressive and shearing forces between two diamond surfaces varied depending on their orientation (see figure 2) . Bundles that were oriented horizontally to the sliding surfaces exhibited sliding, and mixed sliding and rolling motions, while vertically aligned CNT bundles buckled in response to compression, and leaned in the direction of sliding. Vertically aligned bundles had higher friction coefficients than horizontally aligned bundles.
These predictions have subsequently been confirmed in experiments [32] , in which highly anisotropic tribological properties were observed to depend on the orientation of the multi-walled CNT films relative to the sliding surfaces, in good agreement with the computational predictions, as indicated in figure 3 . In particular, the average experimental friction coefficients of the CNT films ranged from high values of 0.795 for vertically aligned nanotubes, to quite low values of 0.090 for nanotubes that were oriented transversely on the surface. These frictional properties were not sensitive to changes in humidity. More recent experiments on multi-walled CNTs [33] found that their frictional properties changed significantly as a function of surface chemistry between the CNTs and the sliding counter surface of either glass or gold-coated glass, as illustrated in figure 4 . The CNTs were cleaned by oxygen plasma etching, which removed excess soot and amorphous carbon and chemically modified the CNT walls with carboxyl and carbonyl groups. These groups formed hydrogen bonds with the silica glass, which ultimately dominated the frictional responses of the CNT-glass system. However, this effect did not occur when the glass was coated with gold. In both cases, atmospheric water did not influence the results, which was attributed to the fact that the glass surface was fully saturated with water regardless of the level of humidity in the atmosphere.
Simulations [34] were also used to examine the effect of altering the structure of horizontally aligned bundles of CNTs from single-walled, to peapods (single-walled tubes filled with C 60 molecules [35] ), to double-walled multi-walled CNTs (single-walled tubes filled with other nanotubes). These bundles were placed between sliding diamond-like carbon surfaces. The results indicate that the filled CNT bundles can sustain higher compressive forces than the hollow CNT bundles. However, the filled CNT bundle has a similar friction coefficient to the hollow CNT bundles during sliding at low compressive pressures (see figure 5) .
Recently, the effect of molecular fluids on CNT tribological responses was also evaluated in MD simulations [34] . The simulations predicted that the presence of the benzene molecules does not alter the rolling motions of the singlewalled CNT and peapod bundles. However, the molecules readily slide over each other, which lowered the lateral forces for the CNT/benzene system. At the same time, the presence of the molecules causes greater misalignments among the CNTs in the bundle, which increased the lateral forces. The combination of these two effects canceled each other out and was the main reason that the ratio of the lateral and normal forces did not change much on the introduction of benzene molecules. This result differs from experimental data that indicated that the introduction of benzene molecules (see figure 5 ) on graphite surfaces decreased the friction coefficient of graphite [36, 37] . This contradiction suggests that the influence of benzene on different systems fundamentally changes as a function of the curvature of the graphene sheets.
In summary, the experiments and simulations described above have demonstrated unequivocally that the orientation of carbon nanotubes within coatings strongly influences their tribological responses.
Polymer systems
The chemical inertness, high melting point, and intrinsic lubricity of polytetrafluoroethylene (PTFE) have been exploited for the development of solid lubricating parts for operation in extreme environments, in applications ranging from frying pans to satellites. Likewise, polyethylene (PE) is one of the most widely used polymers because of its versatility and manufacturability. It exhibits outstanding wear resistance and toughness, and has favorable tribological properties [38] .
Although there is considerable evidence in the literature that molecular-scale interactions may dominate the observed macroscale friction response of PE and PTFE tribosystems [39] [40] [41] [42] [43] [44] [45] , there have been no molecular-scale investigations to substantiate this hypothesis. In studies of friction for various thermoplastics, Pooley and Tabor hypothesized that the molecular shape of the PTFE is responsible for its low friction coefficients [40] ; furthermore, results from McLaren and Tabor suggest that adhesion processes are dominated by molecular-scale interactions rather than by asperity-scale interactions [46] . Discussions on the intrinsic lubricity of PTFE have proposed that the disruption of van der Waals interactions between adjacent PTFE molecules are responsible for the friction forces [47] .
As Makinson and Tabor discovered [39] , thin films of PTFE readily transfer to mating counterfaces, thus producing self-mated tribological contacts in almost all instances where this material is employed. It has been observed that these transfer films are oriented in the direction of sliding, but the extent of this orientation and its impact on the PTFE tribo-system is not known. Using grazing incidence x-ray diffraction, Breiby et al [48] found that the near surface region of the PTFE sample was aligned by the sliding action with a full width half maximum (FWHM) angular spread of ∼15
• . The alignment of the thin transfer film however, was found to be substantially greater with a FWHM angular spread of only ∼0.23
• . It was proposed that this high degree of molecular alignment within the sliding plane results in low friction by providing high stiffness normal to the sliding interface and low resistance to sliding along the molecular backbone.
Here we review recent findings, both experimental and from simulation, on the atomic-level mechanisms associated with tribology at PE and PTFE surfaces. In its highly crystalline state at ambient pressure and temperature, PE maintains an orthorhombic structure in which the carbon atoms along the chain axis are arranged in a planar zig-zag configuration, which is illustrated in figure 6 . PTFE exhibits a similar crystal structure with different lattice parameters, albeit at high pressures that are consistent with those achieved in MD simulations of friction. These are the structures used in a number of studies using MD simulations to investigate the way in which inherent structural anisotropy of polymeric systems can lead to corresponding anisotropies in the tribological behavior, or, conversely, the way in which tribology can induce anisotropy in polymeric systems [49, 50] .
Model transfer films of PTFE were deposited onto a thin steel foil, as shown schematically in figure 7. After creation, the foil-supported transfer films were cut into rectangular samples for testing. Custom designed sample mounts fixed opposing foils into a crossed-cylinder geometry. This geometry reduced misalignment sensitivity, minimized edge effects, and helped to reduce pressures to values more typical of those found in macroscale testing.
Normal and friction forces were continuously measured at the stationary foil, while the counterface underwent reciprocating displacement. Tests with an average sliding speed of 100 µm s −1 and a normal load of 500 mN were conducted over 250 sliding cycles. The friction and wear properties of the films themselves were measured using microtribometry; the results are shown in figure 8 . We see from the friction loops that the parallel configuration displays a low friction coefficient before wearing through, while the perpendicular configuration exhibits a high and rapidly varying friction coefficient within the first few cycles. In addition, the measurements reveal that the parallel configuration is more than an order of magnitude more wear resistant than the perpendicular configuration, consistent with the MD simulation findings of interfacial sliding discussed below. Both the scatter and magnitude of friction for perpendicular sliding is attributed to molecular rearrangement within the cross aligned transfer films leading to film damage.
In order to visualize the nature of film alignment, PTFE transfer films were prepared through unidirectional sliding for AFM characterization. The transfer films were imaged using with an Asylum MFP-3D atomic force microscope, employing an AC imaging mode. The intermittent contact between the tip and sample in this mode significantly improved the spatial resolution and reduced material transfer to the tip from the PTFE samples. Similar features (film orientation) were observed in AFM images measured for continuous tip-sample contact, although with lesser resolution. Figure 9 (a) shows a topographic image obtained through intermittent contact of a PTFE film generated by the procedures described above. At the highest spatial resolution obtained, a clear orientation of material at the PTFE surface is evident with molecular-scale features aligned with the sliding direction. Images obtained at lesser spatial resolution (data not shown) provided similar evidence of alignment in the sliding direction, however through the presence of oriented features of greater widths (∼100 nm). Figure 9 (b) displays the relative cross sectional height of the features observed in figure 9(a) . These molecular-scale measurements of order and orientation confirm the relevance of the simulations of oriented PTFE transfer films.
The sliding process was also modeled with classical atomic-scale MD simulations.
The simulated polymer morphology (identical for PE and PTFE) is shown in figure 10 . The system consisted of two crystals, with the polymer backbones in the two crystals being parallel to each other: full details of the simulation conditions are given elsewhere [51, 34] . As illustrated in figure 10 , we considered two different sliding scenarios: sliding along a direction transverse to the chain axis is defined as perpendicular sliding, while sliding along the chain axis is defined as parallel sliding.
The simulations predicted that the overall sliding behaviors in the parallel and perpendicular directions are quantitatively and qualitatively different from each other, and suggested atomic-level mechanisms responsible for these differences.
The normal and lateral forces (relative to the sliding direction and computed on the rigid moving layer of atoms) are shown in figure 11 . During sliding in both orientations, the PTFE chains underwent structural changes, resulting in initial reductions in the normal forces. Interestingly, the frictional forces across the interface remained steady. In contrast, for perpendicular sliding there was an increase in normal force; again the frictional force remained approximately constant.
If the ratio of the lateral to normal force is taken, the value is an order of magnitude higher in the case of the perpendicular configuration compared to the parallel configuration. In a fist-order interpretation, this ratio may be identified with the friction coefficient through Amonton's friction equation (F N = µF L , where µ is the friction coefficient, F L is the lateral force, and F N is the normal or compressive force) [3] . This model is widely used to report relative values of friction in a way that is independent of normal load. However, the friction force . The friction coefficients are displayed versus reciprocation cycle in (c) for parallel and transverse or perpendicular configurations. The evolution of friction coefficient along the reciprocation track is also plotted for both the parallel and perpendicular configurations. The perpendicular alignment of the films leads to rapid failure of the films and high friction forces during the first 10 reciprocating cycles, whereas over 150 cycles are needed to realize similar levels in the parallel configuration. The low coefficient of friction for parallel sliding is consistent with the behavior of bulk PTFE samples; the transition to higher coefficients of friction is consistent with the film thickness and a wear rate of 10
is not universally independent of normal load. For example, non-linear force area relationships in contact often exhibit non-linear friction behavior. The additive effects of adhesion on contact pressures can be substantial if not dominant at the nano-scale. Efforts to report friction coefficients that are independent of load, area, and adhesive contributions to contact use a load-ramp technique. Thus, it is necessary to perform simulations over a range of normal forces. Figure 12 shows the results for one such set of load ramps. The slope of the linear fit to the F N versus F L fit is the true best estimate of the friction coefficient; the intercept on the F L axis gives the adhesion force. The friction coefficient predicted in this manner for PTFE in the parallel configuration is 0.18, which is in excellent agreement with the experimentally determined value of about 0.13 (see figure 8 ).
The simulations can provide atomic-level mechanistic information that is not available experimentally. Figure 13 shows a series of images of the top 25 chains from the bottom PTFE surface. It is apparent from these images that the aligned structure of the PTFE is retained in the parallel sliding configuration over 40 nm of sliding (lower right). Analysis of the displacements of the uppermost row of carbon atoms with respect to their original position revealed that the chains in the parallel configuration were displaced during sliding relative to their original location by a maximum of ∼2.5% (∼1 nm over 40 nm) of the sliding distance, indicative of almost complete interfacial slip. In sharp contrast, for the case of perpendicular sliding, the images in figure 13 show that the alignment of the chains becomes progressively less well defined during sliding. In particular the highlighted chains that were previously on The atomistic simulation is periodic on the x and z faces. The simulation cell is comprised of two cross-linked aligned films of PTFE or PE. The hexagonal structure of the PTFE crystal is illustrated along with the dimensions of the simulation. (c) The simulation is comprised of opposing regions of rigid atoms, thermostated atoms, and active atoms of layer thickness 0.4, 0.8, and 2.4 nm, respectively, for PTFE, and 0.5, 0.5, and 2.4 nm, respectively, for PE. After equilibration, the upper block of rigid atoms are moved in the z direction (parallel) or the x direction (perpendicular), where parallel and perpendicular refer to the sliding direction relative to the chain alignment.
the top surface become mixed into the bulk. This mixing and deformation was dilatant, resulting in an increased normal force. Additionally, in the top views of the carbon atoms along the backbone of the top chains 1-5, chain scission is visible. Moreover, one of the broken chains aligns with the sliding direction. This structural reorganization is characteristic of Figure 11 . Normal and tangential forces for (a) PTFE in the parallel orientation, (b) PTFE in the perpendicular orientation, (c) PE in the parallel orientation, and (d) PE in the perpendicular orientation. In each case, the top and bottom polymer surfaces are compressed to a load of 5 nN before sliding is initiated. For parallel sliding (on the left), the average normal force decays with sliding distance due to the relaxation of compressive stresses, whereas the lateral forces remain low and steady. For perpendicular sliding (on the right), an increase in average normal force is observed due to dilation of the system with sliding. In (c) and (d), A and A represent the start of the simulation, B and B represent the point where relaxation and dilation is complete, and C and C represent the point at which the forces are recorded. Figure 12 . The dependence of the friction force on the normal force allows the friction coefficient and adhesive force to be determined. The non-zero adhesion force in these 100 K data for PTFE represent a violation of Amonton's law. microscopic wear. We anticipate that further sliding would lead to further chain scissions, chain alignments and wear.
To assess how the molecular structure and stiffness of the polymer influences these responses, we compared the results for PTFE with those for PE. The trends in the normal and lateral forces with sliding distance were similar for both of these polymers, with the major difference being that the PE system exhibits stick-slip motion during both perpendicular and parallel sliding, while the PTFE system does not exhibit stick-slip motion (see figure 11 ). These different sliding behaviors are related to the nature of molecular motion. The bonds in the PE system are stiffer than in PTFE; consequently, a significantly higher degree of bond scission is observed in the case of either sliding configuration for PTFE compared to what is predicted to occur for PE. Such bond scission in the PTFE system represents a form of molecular-scale wear and gives rise to the mobility of a collection of molecules within the sliding interface that is not observed in the PE system. In turn, this molecular mobility acts to more evenly dissipate energy within the sliding interface, effectively eliminating the appearance of stick-slip behavior.
The data from these computational and experimental approaches, spanning length scales from the nanometers to centimeters, and time scales from nanoseconds to seconds, provide a consistent, atomic-level description of the mechanisms by which the structural orientation of PTFE contributes to its unique tribological properties. The experiments and simulations described above have demonstrated unequivocally that molecular structural orientation at the sliding interfaces of PTFE and PE strongly influences friction and wear. For sliding of oriented chains parallel to the chain backbone, low friction forces and low barriers to interfacial slip are found. For sliding of oriented chains perpendicular to the chain backbones, friction and high wear in the form of molecular reorientation and scission are encountered. In the corresponding experiments, slow speed testing of bulk PTFE produces oriented transfer films similar to those examined in the simulations, as evidenced by molecularscale AFM images. Microtribological measurements on these aligned films demonstrated a strong anisotropy in friction and wear, consistent with the molecular dynamics simulations.
Temperature effects
Polymers systems
Understanding the dependence of friction on temperature is critically important for numerous applications. For example, it is known that the viscosity of liquid lubricants increases as temperature decreases, thus producing related effects in the frictional properties of the liquid-lubricated system. The frictional properties of these systems will ultimately be a balance of the effects of reduced shear force and concomitant shear thinning. As systems operate in low temperature extremes, such as are present at high altitudes and in outer space, the use of liquid lubricants becomes impractical and solid lubricants are needed. Polymers and polymer composites have been demonstrated to be excellent solid lubricants for aerospace applications [52] . Friction, according to the classical Amonton's friction equation [3] is athermal. However, in the early 1970s Pooley and Tabor [40] discussed the thermal activation of friction in polymers such as PTFE; unfortunately, at this time definitive proof of athermal behavior was not available.
Recent analyses by McCook et al [47] and Burris and Sawyer [53] of that original data, and previous literature data from macroscopic experiments, showed that under nonwearing conditions the coefficient of friction of PTFE films and composites can be fit to an Arrhenius equation with an activation energy of about 3.7 kJ mol −1 over the temperature range of ∼180-420 K (see figure 14) . This activation energy is consistent with thermally activated breaking of van der Waals bonds between the sliding surfaces. This interpretation has been further supported by pin-on-disk studies of systems [33, 54, 55] for which only van der Waals interactions between the sliding surfaces were present. Importantly, however substantially higher activation energies were obtained in systems with stronger interactions, such as hydrogen bonding [33] or hindered rotations of side groups [56] . Most interestingly, when the hydrogen-bonded material was coated with a thin layer of gold, the activation energy decreased to a value consistent with that of van der Waals interactions. Figure 15 illustrates a possible hypothesis which entails thermally activated behavior in macroscopic tribology experiments only being observed for materials that undergo interfacial sliding in the absence of significant plastic deformation and/or wear. In particular, the macroscale limits and temperature-independent friction coefficients can be thought of as energy dissipation through a host of opportunistic modes that are yet to be fully determined. The presence of such models significantly convolutes the direct interrogation of interfacial sliding forces in such system.
Graphitic systems
Thermally activated tribological behavior similar to that for polymer systems was observed in carbon nanotube systems and the results are presented in figure 16 [33] . Figure 16(a) illustrates the friction coefficient of transversely and vertically oriented films of CNTs as a function of temperature during sliding against a borosilicate glass lens in an open air environment. There is a marked dependence of the friction coefficient on temperature in the case of the vertically aligned CNTs, whereas there is little change in friction coefficient with temperature in the case of the transversely aligned CNTs. However, figure 16(b) , which illustrates the same friction coefficients normalized to the 303 K values, indicates that the relative change in friction coefficients over this temperature range are approximately the same for these two CNT films. An Arrhenius plot of the normalized friction, which is shown in figure 16(c) , yields an activation energy of 16 kJ mol −1 , which is consistent with hydrogen bonding between the CNTs and the silica glass.
Variable-temperature friction results were also obtained on highly oriented pyrolytic graphite (HOPG) over a temperature range of 140-750 K, over which friction was observed to significantly increase at the lowest temperatures [54] . Briefly, an Omicron variable-temperature AFM (VT Beam Deflection AFM) with cooling and heating facilities provided access to friction measurements in a vacuum environment over a temperature range from 140 to 750 K. From 140 to 300 K, liquid nitrogen was used as a coolant while from 300 to 750 K, sample heating was achieved by a pyrolytic boron nitride heater mounted behind the sample. The HOPG sample was placed into the UHV chamber just after being cleaved. Before friction measurements, the HOPG sample was heated to 400 K until the background pressure recovered to its normal value.
The base pressure in the UHV chamber is typically less than 2.0 × 10 −10 Torr at room temperature. The Si 3 N 4 tips (Digital Instruments) used in the measurement had a cantilever normal force constant of ∼0.58 N m −1 and a nominal tip radius of ∼20 nm. Zero normal force was defined as being at the tip position where the cantilever was not bent. The scanning velocity in the experiments was fixed at 600 nm s −1 and the lateral scanning range was 100 nm. Friction measurements were performed as a function of increasing and decreasing load by control of the normal load through an external function generator. Reported friction coefficients were defined as the slope of the plot of friction versus load-an effectively linear response was observed under the low load conditions explored here.
Friction-load curves were measured over the temperature range 140-750 K. For room temperature and above, the friction data exhibited relatively little dependence on load. However, as the surface temperature was decreased, significant changes in the friction-load behavior were evident. From these data, coefficients of friction were recorded as the best-fit slopes to friction-load plots and normalized to the value measured at 300 K. The results are presented in figure 17 . This temperature dependent data can be fit using the function
where U 0 is defined as a effective barrier to sliding. Analysis of the data provides a surface barrier U 0 is ∼10.8 kJ mol −1 . A barrier height for nanoscopic sliding on NaCl(100) has been reported as 0.25 eV at a normal load of 0.44 nN [57] . These measurements of interfacial friction, performed on the atomic scale for the contact of a microscopic probe tip and a single crystal surface, clearly portray a significant temperature dependence to the energy dissipated during sliding (friction). Specifically, a marked increase in friction is observed with decreasing surface temperature. It is important to note that every care has be taken to perform the measurements under controlled environments (ultrahigh vacuum) so as to avoid the potential contribution of adsorbates such as water, known to readily condense at cryogenic temperatures. In addition, the data have been collected for sliding events that, by and large, are not associated with any form of wear; wear at these length scales would constitute energetic events associated with bond breaking. This condition has been encouraged through the low force (pressure) measurements and verified through both the microscopic interrogation of the wear track (AFM imaging) as well as careful characterization of tip geometry before and after the extensive set of friction measurements.
Given the fundamental nature of the microscopic experiments and the high quality of the fit of the data to an exponential form, the data strongly suggest that the sliding events associated with frictional energy dissipation follow mechanisms entailing one or more activated steps. Furthermore, the data are seen to corroborate the temperature dependent friction behavior of the other materials described above for polymeric systems and to likewise suggest activated mechanisms of energy dissipation in those macroscopic systems as well. In terms of activated processes, the weak temperature dependence of friction for graphite observed above room temperature likely results from thermally induced motion of surface atoms and a blurring of local potentials responsible for the activated process at low temperatures.
Conclusions and future outlooks
The findings reviewed here indicate the power of combining computational and experimental methods across length and time scales. Materials in sliding contact involve the interplay between multiple chemical and physical processes, and it is unlikely that any single individual method or approach can fully determine all the relevant physical relationships. Rather, multidisciplinary approaches are needed to move the field forward. This is especially true for the combination of atomistic simulations, which directly probe the atomic processes that occur during sliding friction but are ultimately just predictions, with experimental data that provide only indirect evidence for phenomena but ultimately validate or disprove the computational predictions.
Do we need high performance computing and low contact pressure transfer-film experiments to tell us that stacks of 'Mikado-style' pick-up sticks will slide most easily along the axis of orientation? Probably not. But, how else will we develop the models and intuition that propels the field forward, and provide the opportunities to explore the details of composition, structural and molecular arrangement, and atomic-scale interfacial interactions that govern the complex phenomena of fundamental friction events? Together the molecular simulations and experiments challenge each other-pushing the fidelity, size, complexity, and sensitivities from opposite ends of time and length scale. Ultimately, the synergistic application of these tools will allow us to obtain the insights that will be necessary to prescribe and synthesize future, advanced tribological materials that can function at a superior level under a variety of extreme environments. Importantly, advances in the science of friction hold the potential to revolutionize many technologies through enhancements in energy efficiency, environmental impact, and lifetime of operation.
